
Enzyme and Microbial Technology 144 (2021) 109721

Available online 28 December 2020
0141-0229/© 2020 Elsevier Inc. All rights reserved.

Microbial biosensor for Salmonella using anti-bacterial antibodies isolated 
from human serum 

Jun-Hee Park a, Ji-Hong Bong a, Jaeyong Jung a, Jeong Soo Sung a, Ga-Yeon Lee a, 
Min-Jung Kang b, Jae-Chul Pyun a,* 
a Department of Materials Science and Engineering, Yonsei University, Seoul, Republic of Korea 
b Korea Institute of Science and Technology (KIST), Seoul, Republic of Korea   

A R T I C L E  I N F O   

Keywords: 
Anti-Salmonella antibody 
Bacterial detection 
ClearColi 
Impedance spectrometry 

A B S T R A C T   

In this work, we present a novel microbial biosensor for Salmonella based on impedance spectrometry by using 
isolated antibodies against a specific bacterial strain from human serum. Anti-Salmonella (or BL21(DE3)) anti
bodies were isolated from human serum using S. enteritidis (or BL21(DE3)) and the mutant strain ClearColi. After 
the purification steps, the purification yield of the antibodies was calculated to be 0.2 %. From the FACS analysis, 
the isolated anti-Salmonella antibodies were estimated to have more than 6-fold higher binding affinity for 
S. enteritidis compared to antibodies against other kinds of Gram-negative bacterial strains, including HB101, 
ClearColi, JM110, DH5α, and BL21(DE3). Finally, the anti-Salmonella antibodies isolated herein were used for 
bacterial detection using electrochemical biosensors based on impedance spectrometry and the Rct value of the 
antibodies was estimated for S. enteritidis from the Nyquist plot. The limit of detection of the isolated anti-Sal
monella antibodies was estimated to be 1.0 × 103 cells/mL for S. enteritidis and 1.0 × 106 cells/mL for BL21 
(DE3), respectively.   

1. Introduction 

Microbial biosensors have been developed for the detection of bac
teria without enrichment steps based on various kinds of transducers 
such as electrochemical, fluorescent, mass sensitive, and chemilumi
nescent detectors [1–13]. For the sensitive detection of specific bacterial 
strains in complex mixtures, the specific interaction between antigens 
and antibodies has been most frequently used. Such a detection of 
bacterial strains using antibodies requires their binding to target anti
gens on the outer membrane of bacterial cells. However, the production 
of such antibodies for the binding to specific bacterial strains is known to 
be very difficult because the outer membrane of target bacteria contain 
harmful enterotoxins [14–16] For example, gram-negative bacteria have 
lipopolysaccharides (LPS) and gram-positive bacteria have lipoteichoic 
acids (LTA) on the outer membranes of their cells. Such enterotoxins are 
known to be strong pyrogens and typically cause fever in animals when 
administered via intravenous or intraperitoneal injection [17]. Such 
enterotoxins are known to be very harmful to antibody-producing ani
mals; the mass-production of antibodies against such enterotoxins is 
nearly impossible [18–22]. Recently, a novel isolation method was 

reported for antibodies against specific bacterial strains from human 
serum using a target bacterial strain and a mutant E. coli strain without 
LPS (ClearColi) [15,18,23]. As shown in Fig. 1(a), the target bacteria 
were incubated with human serum and then, the bound proteins were 
dissociated by acid treatment. The prepared dissociated protein solution 
contained antibodies against the target bacteria, as well as other pro
teins that could bind to the outer membrane of gram-negative bacteria. 
To isolate antibodies against the target bacteria, the dissociated protein 
solution was incubated with the modified E. coli strain without LPS 
(ClearColi) to remove the non-specifically bound proteins. 

In this work, anti-Salmonella (or BL21(DE3)) antibodies were iso
lated from human serum using S. enteritidis (or BL21(DE3)) and the 
mutant strain ClearColi. After the purification steps, the purification 
yield was calculated and the binding affinity was analyzed from the 
FACS analysis and compared to that of antibodies against other gram- 
negative bacterial strains, including HB101, ClearColi, JM110, DH5α, 
and BL21(DE3). Finally, the isolated anti-Salmonella antibodies were 
used for bacterial detection using electrochemical biosensors based on 
impedance spectrometry [24]. 
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2. Experimental 

2.1. Materials 

Amicon centrifugal filter, potassium ferricyanide, glycine, rhoda
mine B, human serum, bovine serum albumin (BSA), Tween®-20, YT 
medium, and antibiotics (carbenicillin, kanamycin, and chloramphen
icol) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Luria- 
Bertani (LB) broth was purchased from Duchefa (Haarlem, The 
Netherlands). Phosphate-buffered saline (PBS) was purchased from 
Curebio (Seoul, Korea). Fluorescein isothiocyanate (FITC)-conjugated 
anti-human IgG (anti-human IgG) and Cyanine 5 (Cy5)-conjugated anti- 
human IgG were purchased from Abcam Co. (Cambridge, UK). The Ag/ 
AgCl reference electrode was purchased from Warner Instruments, LLC 
(Hamden, CO, USA). 

2.2. Separation of anti-LPS antibodies 

S. enteritidis (or BL21(DE3)) and ClearColi™ BL21(DE3) were used to 
separate polyclonal anti-Salmonella (or BL21(DE3)) antibodies from 
human serum [15]. BL21(DE3) is a strain modified from BL21 that 
contains the coding sequence of T7 RNA polymerase, which is required 
for the protein expression system based on the T7 promotor [25]. 
S. enteritidis and E. coli strains BL21(DE3), ClearColi, HB101, DH5α, and 
JM110 were cultured at 37 ◦C in LB broth containing 10 μM ethyl
enediaminetetraacetic acid (EDTA) for 16 h. The cultured S. enteritidis 
(or E. coli BL21(DE3)) cells (1 mL) were harvested by centrifugation at 
7000 g for three min and washed three times with PBS (1 mL). The cells 
were resuspended in PBS and the optical density was measured at a 

wavelength of 600 nm (OD600) using a microplate reader (Versamax, 
Molecular Devices, San Jose, CA, USA); the final concentration was 
adjusted to be OD600 = 1.0, which corresponded to 5 × 108 cells/mL 
[26–29]. The anti-Salmonella (or BL21(DE3)) antibodies in the human 
serum were separated using the following steps, as shown in Fig. 1(a): 
(1) Human serum (1 mL) was incubated with S. enteritidis (or BL21 
(DE3)) cells (107 cells) for 1 h under mild shaking conditions (20 rpm) 
using a wheel-rotating mixer (RT-10 from Daehan Scientific Co, Wonju, 
Korea); (2) The bound proteins (including anti-Salmonella (or BL21 
(DE3)) antibodies) were dissociated from S. enteritidis (or BL21(DE3)) by 
treatment with 1 mL of 0.1 M glycine− HCl buffer (pH 2.7) for 10 s. 
Then, the reaction was neutralized by the addition of 55 μL of 1 M 
Tris− HCl buffer (pH 10.5); (3) The dissociated proteins were added to 
107 cells of ClearColi to remove other unwanted proteins. This 
ClearColi-based filtering process was repeated three times; (4) The 
remaining antibody fraction was separated using a protein-A column. 
First, the dissociated proteins were loaded onto the protein-A column. 
Then, the column was washed with 10 mL of PBS to remove the unbound 
proteins. The bound anti-LPS antibodies were eluted by loading 3 mL of 
0.1 M glycine− HCl buffer (pH 2.7) onto the column. The eluted poly
clonal antibodies were directly collected in a microcentrifuge tube 
containing 165 μL of 1 M Tris− HCl buffer (pH 10.5). Finally, the poly
clonal antibodies were concentrated by Amicon centrifugal filtration 
(molecular weight cutoff: 3000 Da). The yield of polyclonal antibodies 
was defined as the amount of protein separated from unit volume (1 mL) 
of human serum. The amount of protein was calculated using a bicin
choninic acid (BCA) assay kit (Thermo Fisher Scientific, Waltham, MA, 
USA). 

Fig. 1. Isolation of anti-Salmonella antibodies from human serum. 
(a) Steps for isolating anti-Salmonella antibodies using E. coli and ClearColi. 
(b) SDS-PAGE analysis of proteins from each isolation step. 
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2.3. Assays carried out with the isolated antibodies 

The measurement of the binding properties of the isolated antibodies 
towards S. enteritidis, ClearColi, HB101, JM110, DH5α, and BL21(DE3) 
was carried out by FACS analysis with a FACScaliber instrument from 
Becton-Dickinson Co. (Franklin Lakes, NJ, USA) [30,31]. FACS analysis 
was carried out by sequentially reacting the isolated anti-Salmonella 
antibodies at the concentration of OD600 = 1.0 for 1 h. After washing 
thrice with 0.1 % Tween®-20 by centrifugation, treatment with sec
ondary anti-human antibodies labeled with fluorescein at the concen
tration of 10 μg/mL was performed for 1 h. FACS analysis was carried 
out using a bacterial solution at the concentration of 107 cells/mL and 
the fluorescence count (Y-axis) was measured against the intensity of 
fluorescence (X-axis) in the logarithmic scale. 

The anti-Salmonella antibodies were separately incubated with three 
bacterial strains, S. enteritidis, BL21(DE3), and ClearColi at the concen
tration of OD600 = 1.0 for 1 h. After washing by centrifugation, these 
three bacterial strains were incubated with secondary antibodies against 
anti-human IgG labeled with Cy5 (λex =649 nm, λem =670 nm) at the 
concentration of 10 μg/mL for 1 h. After washing by centrifugation, the 
bacterial strains were immobilized on a glass slide by dropping 2 μL of 
cells onto the slide. After drying at room temperature, the intensity of 
fluorescence at each spot was measured using a DNA scanner from 
Molecular Devices Co (San Jose, CA, USA). 

Impedance spectroscopy was performed using a three-electrode 
system and a potentiostat from IVIUM Technologies (Eindhoven, 
Netherlands) [32,33]. A circular gold electrode with a diameter of 6 mm 
and a thickness of 100 nm on a SiO2 wafer was used as the working 

electrode. The isolated antibodies were immobilized on the electrode at 
a concentration of 20 μg/mL for 2 h. Incubation with BSA (1 mg/mL) for 
1 h was performed to block the electrode; this inhibits non-specific 
binding. Bacterial solution (100 μL) was added to the electrode and 
incubated for 30 min. Each detection was performed after a washing 
step with PBS. Impedance spectroscopy was measured in the frequency 
range of 0.1 Hz to 1 MHz at 10 mV amplitude versus the Ag/AgCl 
reference electrode at an amplitude of 50 mV in 50 mM potassium 
ferricyanide. The measured impedance was analyzed using a Randles 
equivalent circuit model, which consisted of a parallel combination of 
double layer capacitance (Cdl) and charge transfer resistance (Rct) with a 
series medium resistance (Rs). 

3. Results and discussion 

3.1. Isolation and immobilization of anti-LPS antibodies 

Anti-Salmonella (or BL21(DE3)) antibodies were isolated from 
human serum using S. enteritidis (or BL21(DE3)) and the mutant Clear
Coli strain (Fig. 1(a)). Human serum was first incubated with S. enter
itidis (or BL21(DE3)) and then, the bound protein on the S. enteritidis (or 
BL21(DE3)) cells was dissociated by treatment with an acid solution 
(0.1 M glycine− HCl, pH 2.7). The dissociated protein solution contained 
anti-Salmonella (or BL21(DE3)) antibodies, as well as other proteins 
bound to the outer membrane. To isolate only the anti-Salmonella (or 
BL21(DE3)) antibodies from the dissociated protein solution, ClearColi 
was incubated with the solution containing the dissociated proteins. 
Because the proteins bound to ClearColi showed affinity towards the 

Fig. 2. Strain specificity of the antibodies isolated from human serum. FACS analysis of the binding of the antibodies to cells of different bacterial strains.  
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outer membrane of S. enteritidis (or BL21(DE3)) as well as ClearColi, the 
anti-Salmonella (or BL21(DE3)) antibodies were not bound to ClearColi 
and they remained in the solution. Finally, the anti-Salmonella (or BL21 
(DE3)) antibodies were isolated using a protein-A column. 

The isolation of anti-Salmonella (or BL21(DE3)) antibodies was car
ried out through the steps described above. The protein fraction of each 
isolation step was analyzed using sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 1(b). As the anti
bodies are composed of heavy chains (VH, 55 kDa) and light chains (VL, 
25 kDa), antibodies were usually observed to show bands for VH, VL, and 
VH+VL (75 kDa) on the SDS-polyacrylamide gel. In this work, the initial 
protein concentration of human serum was estimated to be 63.6 mg/mL. 
The concentration of protein separated after the repeated binding to 
ClearColi was estimated to be 78.6, 112.9, 81.6, and 47.3 μg/mL (1 mL 
for each elution) for the 1st, 2nd, 3rd, and 4th elution samples, 
respectively. After the purification step with protein-A, the amount of 
anti-Salmonella antibodies isolated from human serum (1 mL) was 
determined to be 123.5 μg from the total protein (63.6 mg); thus, the 
purification yield was calculated to be 0.2 %. 

3.2. Properties of immobilized anti-LPS antibodies 

The binding properties of the isolated anti-Salmonella antibodies 
were characterized based on their: (1) binding specificity to S. enteritidis 
among other strains using FACS analysis and (2) binding affinity con
stants towards S. enteritidis. First, the binding properties of the isolated 
anti-Salmonella antibodies towards other strains of bacteria such as 
HB101, ClearColi, JM110, DH5α, and BL21(DE3) were estimated using 
FACS analysis. FACS analysis was carried out by sequentially allowing 
the isolated anti-Salmonella antibodies and secondary anti-human anti
bodies labeled with fluorescein (λex =488 nm, λem =508 nm) to react 
(Supplement Fig. S1). Bacteria with no affinity to the isolated antibodies 
were expected to present no significant fluorescence. FACS analysis was 
performed to measure the intensity of fluorescence (X-axis) and fluo
rescence counts (Y-axis). As shown in Fig. 2, S. enteritidis showed 
significantly different fluorescence intensity before and after the treat
ment with the isolated anti-Salmonella antibodies, which represents the 
specific binding of the antibodies to S. enteritidis. Other bacterial strains 
showed no significant change in fluorescence intensity before and after 
treatment with the isolated anti-Salmonella antibodies, which repre
sented no significant binding by the antibodies. The binding affinity to 
each strain was calculated from the fluorescence intensity difference 
before and after treatment with the anti-Salmonella antibodies (sum
marized in Table 1). From this calculation, the relative affinity of the 
isolated anti-LPS antibodies towards S. enteritidis was estimated to be 
651.3 %, which was considered to be a far higher relative affinity than 
that towards other strains such as BL21(DE3) (109.9 %), ClearColi 
(162.4 %), JM110 (135.4 %), HB101 (99.4 %), and DH5α (129.6 %) as 
shown in Fig. 2. Thus, these results showed that the isolated anti-Sal
monella antibodies had significantly different binding affinities to S. 
enteritidis and the other strains, and that they could also be used to 
discriminate between different bacterial strains. 

Next, the binding sensitivity of the isolated anti-Salmonella anti
bodies was compared using S. enteritidis, BL21(DE3), and ClearColi 
(negative control). The anti-Salmonella antibodies were separately 

incubated with the three bacterial strains in the concentration range of 
1.7 × 108 – 2.5 × 104 cells/mL. After washing by centrifugation, these 
three bacterial strains were incubated with secondary antibodies against 
anti-human IgG labeled with Cy5 (λex =649 nm, λem =670 nm). After 
washing by centrifugation, the three bacterial strains were immobilized 
on a glass slide, and then, the intensity of fluorescence at each spot was 
estimated using a DNA scanner. As shown in Fig. 3(a), the fluorescence 
image shows a significant difference in the binding affinity of the anti- 
Salmonella antibodies to S. enteritidis, BL21(DE3), and ClearColi. These 
results showed that anti-Salmonella antibodies could be used for the 

Table 1 
Summary of FACS analysis for different E. coli strains.   

S. enteritidis BL21(DE3) ClearColi JM110 HB101 DH5α 

Fluorescence signal with 
anti-S. antibodies (A) 

15.5 5.7 4.0 4.5 4.9 9.1 

Fluorescence signal without 
anti-S. antibodies (B) 

2.4 5.1 2.5 3.3 4.9 7.0 

Relative ratio of fluorescence 
signal (A/B, %) 

651.3 % 111.8 % 162.4 % 135.4 % 99.4 % 129.6 %  

Fig. 3. Characterization of isolated anti-Salmonella antibodies from human 
serum. 
(a) Fluorescence image of the binding of E. coli to anti-Salmonella antibodies. 
(b) Analysis of the binding of E. coli to anti-S. enteritidis antibodies. 
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selective detection of S. enteritidis from BL21(DE3) and ClearColi. As 
shown in the binding curves in Fig. 3(b), the isolated anti-Salmonella 
antibodies show significantly higher sensitivity towards S. enteritidis 
than towards the other bacterial strains BL21(DE3) and ClearColi at a 
concentration range higher than 1.0 × 105 cells/mL. The limit of 
detection of the isolated anti-Salmonella antibodies was estimated to be 
2.0 × 105 cells/mL for S. enteritidis and 1.4 × 107 cells/mL for BL21 

(DE3). The LOD value was estimated to be the average intensity of 
negative sample with three-times of standard deviation (average value +
3σ, n = 3) [34]. These results showed that the isolated anti-Salmonella 
antibodies could effectively bind to S. enteritidis, compared to other 
bacterial strains. 

Fig. 4. Impedance immunoassay using anti- 
BL21(DE3) antibodies from human serum. 
(a) Nyquist plot of anti-BL21(DE3) antibodies 
against BL21(DE3). 
(b) Nyquist plot of anti-BL21(DE3) antibodies 
against S. enteritidis. 
(c) Rct analysis for BL-21(DE3) detection using 
anti-BL21(DE3) antibodies isolated from human 
serum.   

Fig. 5. Impedance immunoassay using anti- 
Salmonella antibodies from human serum. 
(a) Nyquist plot of anti-Salmonella antibodies 
against BL21(DE3). 
(b) Nyquist plot of anti-Salmonella antibodies 
against S. enteritidis. 
(c) Rct analysis for S. enteritidis detection using 
anti-Salmonella antibodies isolated from human 
serum.   
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3.3. Application of isolated antibodies for bacterial detection 

The binding properties of the isolated anti-BL21(DE3) antibodies 
were used for bacterial detection with impedance spectrometry using 
anti-BL21(DE3) antibodies and anti-Salmonella antibodies. First, the 
isolated anti-BL21(DE3) antibodies were used for bacterial detection 
using electrochemical biosensors based on impedance spectrometry. The 
impedance spectrometry was carried out in the frequency range of 10− 1 

– 106 Hz at a 10 mV potential against the Ag/AgCl reference electrode 
using a gold electrode with an area of 28 mm2 as a working electrode. 
The impedance spectra of the Nyquist plot were measured for BL21 
(DE3) and S. enteritidis in the concentration range of 1.0 × 101 – 
1.0 × 107 for cells/mL (BL21(DE3), S. enteritidis, ClearColi) and 
1.0 × 103 – 1.0 × 107 for cells/mL (JM110, DH5α, HB101) (Fig. 4(a) 
and (b)). From the Nyquist plot (Fig. 4(a) and (b)), the signal of the 
charge transfer resistance (Rct) was taken from the fitting based on the 
Randles equivalent circuit model, which consisted of a parallel combi
nation of double layer capacitance (Cdl) and charge transfer resistance 
(Rct) with a series medium resistance (Rs) [35]. As shown in Fig. 4(c), the 
Rct value is observed to be quantitatively increased for the BL21 samples 
as the bacterial concentration increased. The relative charge transfer 
resistance (Rct) was calculated by normalizing the change in Rct after the 
adsorption of analyte on the electrode with the initial Rct value of 
electrode. The calculation was performed as following equation: Rela
tive Rct value = [Rct – Rct0] / Rct0, where Rct represented Rct value after 
the adsorption of analyte on the electrode and Rct0 represented the 
initial Rct value of electrode. These data showed that the active area of 
the working electrode decreased and the Rct value increased following 
the binding of bacteria to the immobilized anti-BL21(DE3) antibodies. 
Similar to the FACS analysis, the Rct value for BL21(DE3) was signifi
cantly higher than that for the other bacterial strains because the iso
lated anti-BL21(DE3) antibodies could specifically and quantitatively 
bind to BL21 compared to the other bacterial strains. The detectable 
range of the isolated anti-BL21(DE3) antibodies was up to 103 cells/mL 
for BL21(DE3). These results showed that the isolated anti-BL21(DE3) 
antibodies could be used for the specific detection of BL21 using fluo
rescence and impedance spectrometry-based immunoassays. 

As the next step, the isolated anti-Salmonella antibodies were used for 
bacterial detection using electrochemical biosensors and impedance 
spectrometry. The impedance spectrometry was carried out as described 
above. The impedance spectra of the Nyquist plot were measured for 
BL21(DE3) and S. enteritidis in the concentration range of 1.0 × 101 – 
1.0 × 108 cells/mL (Fig. 5(a) and (b). From the Nyquist plot (Fig. 5(a) 
and (b)), the signal of the charge transfer resistance (Rct) was taken from 
the fitting based on the Randles equivalent circuit model. As shown in 
Fig. 5(c), the Rct value is observed to be quantitatively increased for the 
S. enteritidis samples as the bacterial concentration increased. As previ
ously mentioned, the relative charge transfer resistance (Rct) was 
calculated by normalizing the change in Rct after the adsorption of an
alyte on the electrode with the initial Rct value of electrode. The 
calculation was performed as following equation: Relative Rct value =
[Rct – Rct0] / Rct0, where Rct represented Rct value after the adsorption of 
analyte on the electrode and Rct0 represented the initial Rct value of 
electrode. These data showed that the active area of the working elec
trode decreased and the Rct value increased following the binding of 
bacteria to the immobilized anti-Salmonella antibodies. Similar to the 
FACS analysis, the Rct value for S. enteritidis was significantly higher 
than that of the other bacterial strains because the isolated anti-Salmo
nella antibodies could specifically and quantitatively bind to S. enter
itidis. The limit of detection of the isolated anti-Salmonella antibodies 
was estimated to be 1.0 × 103 cells/mL for S. enteritidis and 1.0 × 106 

cells/mL for BL21(DE3). These results showed that the isolated anti- 
Salmonella antibodies could be used for the specific detection of BL21 
using fluorescence and impedance spectrometry-based immunoassays. 

4. Conclusions 

Anti-Salmonella (or BL21(DE3)) antibodies were isolated from 
human serum using S. enteritidis (or BL21(DE3)) and the mutant strain 
ClearColi. After the purification step with protein-A, the amount of 
isolated anti-Salmonella antibodies from human serum (1 mL) was 
determined to be 123.5 μg from total protein (63.6 mg); thus, the pu
rification yield was calculated to be 0.2 %. The binding properties of the 
isolated anti-Salmonella antibodies were estimated for other strains of 
bacteria such as HB101, ClearColi, JM110, DH5α, and BL21(DE3) using 
FACS analysis. The isolated anti-Salmonella antibodies had a signifi
cantly higher binding affinity towards S. enteritidis (more than 6-fold 
higher) than that towards the other bacterial strains tested. The limit 
of detection of the isolated anti-Salmonella antibodies was estimated to 
be 2.0 × 105 cells/mL for S. enteritidis and 1.4 × 107 cells/mL for BL21 
(DE3). These results showed that the isolated anti-Salmonella antibodies 
could effectively bind to S. enteritidis, compared to the other bacterial 
strains. The isolated anti-Salmonella antibodies were used for bacterial 
detection using electrochemical biosensors based on impedance spec
trometry; the Rct value from the Nyquist plot was observed to gradually 
increase for the S. enteritidis samples as the bacterial concentration 
increased. The limit of detection of the isolated anti-Salmonella anti
bodies from the impedance spectrometry was estimated to be 1.0 × 103 

cells/mL for S. enteritidis and 1.0 × 106 cells/mL for BL21(DE3). These 
results showed that the isolated anti-Salmonella antibodies could be used 
for the specific detection of S. enteritidis using fluorescence and imped
ance spectrometry-based immunoassays. 
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